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Abstract. A tunable bandpass filter based on a technique 
that utilizes substrate integrated waveguide (SIW) and 
double coupling is presented. The SIW based bandpass 
filter is implemented using a bowtie shaped resonator 
structure. The bowtie shaped filter exhibits similar per-
formance as found in rectangular and circular shaped SIW 
based bandpass filters. This concept reduces the circuit 
footprint of SIW; along with miniaturization high quality 
factor is maintained by the structure. The design method-
ology for single-pole triangular resonator structure is 
presented. Two different inter-resonator couplings of the 
resonators are incorporated in the design of the two-pole 
bowtie shaped SIW bandpass filter, and switching between 
the two couplings using a packaged RF MEMS switch 
delivers the tunable filter. A tuning of 1 GHz is achieved 
for two frequency states of 6.3 and 7.3 GHz. The total size 
of the circuit is 70 mm x 36 mm x 0.787 mm (L x W x H). 
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1. Introduction 
Filters have received a particular attention with the 
advent of various wireless systems, this interest has dra-
matically increased with the introduction and development 
of new millimeter waves applications over the past decade. 
Various applications have been recently proposed includ-
ing wireless local area networks [1], radars [2], intelligent 
transportation systems [3] and imaging sensors [4]. Effi-
cient filters demand has also increased with the develop-
ment of chipsets operating at 60 GHz or higher frequencies 
by a number of semiconductor industries [5]. 
Filters based on Substrate Integrated Waveguide 
(SIW) structures are achieved through incorporating the 
rectangular waveguide structure into the microstrip sub-
strate [6]. SIWs are dielectric filled and are formed from 
the substrate material utilizing two rows of conducting vias 
connecting bottom and top metal plates, these vias are 
embedded in dielectric filled substrate; hence providing 
easy combination with other planar circuits and a reduction 
in size. The size reduction along with involving dielectric 
filled substrate instead of air-filled reduces the quality 
factor (Q), but the entire circuitry including waveguide and 
microstrip transitions can be realized by using printed 
circuit board (PCB) technology or other techniques, like 
LCP [7] and LTCC [8]. 
The design of an SIW bandpass filter can either util-
ize a design methodology based on coupling matrix method 
[9], or it can also follow a methodology used for designing 
air filled waveguide filters. The design of an SIW filter 
based on the methodology adopted in a rectangular wave-
guide, a shunt inductive coupling realization is adopted. 
Vias of irregular diameters placed in the center of the 
cavity may possibly occur in an inductive post filter; which 
is based on a requirement of control couplings. Large 
couplings might occur in the use of a small diameter. The 
utilization of shunt inductive vias at the couplings of the 
filter realizes a shunt inductive coupling filter as depicted 
in Fig. 1 (a) or an iris (aperture) coupling post as shown in 
Fig. 1 (b). A detailed literature on the development of SIW 
filters has been reported in [10]. 
A three pole structure of a SIW bandpass filter based 
on shunt inductive vias is shown in Fig. 1 (a). It utilizes 
four coupling vias centered in the guide and two microstrip 
to SIW transitions at the input and output. The two vias at 
the transitions facilitate in input and output couplings, 
while the centered vias are for coupling between the reso-
nators. 
  
Fig. 1. (a) Shunt inductive coupling post filter. (b) Iris 
coupling based filter. 
An SIW bandpass filter based on iris coupling posts is 
shown Fig. 1 (b); the apertures form three resonators. The 
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filter’s structure is such that the three cavities of half 
wavelength are formed in the center while SIW to micro-
strip transition are on the two edges of the filter; such 
a filter operational at 60 GHz has been presented in [11]. 
  
Fig. 2. Cavity filters with (a) circular cavities; (b) rectangular 
cavities. 
Cavity filters with circular cavities[12] as presented in 
Fig. 2(a) and rectangular cavities [13] as depicted in 
Fig. 2(b) has been observed in literature. These variants of 
SIW allow more design variations and transmission zeros 
are also introduced due to cross coupling, better selectivity 
is also presented by these designs. Various SIW filters 
structures have been proposed in the literature; however 
there still exists a need to further miniaturize the structure. 
Furthermore the cavities are only either in circular or rec-
tangular shape; therefore a triangular shaped cavity would 
reduce the circuit footprint. 
In this paper, a tunable bandpass filter based on trian-
gular cavity is presented. The tunable filter utilizes pack-
aged RF MEMS switches which can be directly soldered 
on the filter circuit to switch the filter at two distinct fre-
quencies. The tunable filter is designed through additional 
incorporation of a switchable extended coupling mecha-
nism. As a validation of the proposed tunable filter, the 
design, fabrication and measured response of the two pole 
bowtie shaped bandpass filter are presented. The proposed 
bandpass filter configuration is suitable for integration with 
planar devices and its small footprint area allows other 
devices to be easily integrated on a single board.  
2. Triangular SIW Cavity Filter 
Design and implementation of SIW filters are being 
performed through defined practical methods so far. The 
most common technique is to form the SIW cavity through 
metallic sidewalls [14], a resemblance of which is 
displayed in Fig. 3. A dielectric substrate having thickness 
of H forms the cavity and it is of length L and width W. 
The bottom and top of the cavity are constructed through 
placing metallic plates and conducting posts/vias going 
through the substrate connecting the top and bottom plates; 
hence forming the sidewalls of the cavity. The vias are of 
diameter d and the separation between two neighboring 
vias is given as s. The choice of diameter and separation 
between the two vias forms the basis of the SIW filters; 
therefore these should be selected in a manner that 
minimum radiation loss is exhibited. 
 
Fig. 3. Substrate Integrated Waveguide structure geometry. 
The Deslandes and Wu [14] study reveals two pri-
mary design rules for SIW structures as given in (1) and 
(2); these rules are followed in order to ensure the same 
design and modeling methodology adopted for rectangular 
waveguides. These rules pertain to the diameter d of the via 
posts and the via post spacing s: 
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where λg is the guided wavelength. In the design d and s 
are chosen to be 0.8 mm and 2 mm respectively, these 
values ensure less radiation losses and the SIW cavity acts 
closely to a triangular waveguide. For the TE101 mode, the 
dimensions of the SIW resonator structure are calculated 
by using the relation in (3) [14] 
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Weff and Leff denote the effective width and length of the 
SIW resonator, respectively, and are given as: 
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where W and L are the real width and length of the SIW 
resonator, µr and εr are the relative permeability and per-
mittivity of the substrate respectively, and c is the velocity 
of light in free space. In this design the width and length of 
the triangular resonator structure is computed using (3) and 
(4) as displayed in Fig. 3. Utilizing this method the cavity 
is designed for the specifications laid out in Tab. 1. 
 
Parameter Value 
Tunable center frequency 7.3 GHz 
Chebyshev response filter order 2 
Passband ripples (dB) 0.01 
Passband bandwidth at -3 dB > 300 MHz 
Tab. 1. Design specifications of the tunable bandpass filter. 
The printed circuit of triangular resonator and its 
subsequent bowtie shaped two pole filter is etched over  
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using Rogers RT/Duriod 5880 material substrate having 
dielectric constant εr = 2.2 and substrate height H of 
787 μm, and a dissipation factor of tanδ = 9  10-4. The 
copper thickness denoted as tr and tg is 17.5 μm.  
The proposed triangular SIW cavity filter’s resonance 
frequency is mainly dependent upon the dimensions of the 
cavity and the arrangement of vias forming the cavity 
walls. Theoretically, the resonance frequency does not 
depend on the thickness of the substrate H. However, it has 
been observed in literature [15] that it does play a role on 
the loss (mainly on radiation loss). The thicker the sub-
strate the lower is the loss or higher is the Quality factor. 
Therefore, keeping in view the fabrication limitations 
a relatively thicker substrate is utilized for the SIW cavity. 
2.1 Single Inter-resonator and I/O Coupling 
In order to accomplish two pole bandpass SIW filter, 
once the triangular resonator is created for a specific reso-
nant mode, the design methodology closely resembles 
conventional simulation-based microstrip filter design [14]. 
Two single resonators are coupled through inter-resonator 
coupling dimensions. In this coupling, a resonator length 
and coupling openings in both the resonators are used to 
couple the two resonators.  
 
Fig. 4. Bowtie shaped two pole bandpass filter dimensions. 
In Fig. 4 the dimensions are labeled and the values are 
given in Tab. 2, while the fabricated two pole bandpass 
filter with single coupling is depicted in Fig. 7. 
External quality factor and coupling coefficients are 
calculated from derived expressions based on lowpass 
prototype parameters [14]. 
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where FBW is the fractional bandwidth, and g0, g1, g2, g3 
are the Chebyshev lowpass prototype values which are 
used to calculate the external quality factors Qe1 and Qe2. 
The coupling coefficient K1,2 computed based on second 
order Chebyshev response prototype parameters is com-
pared with the simulated coupling coefficient obtained 
through weak coupling. The coupling coefficient’s value is 
dependent of two parameters; the coupling opening width 
denoted as Wb and inter-resonator combining width de-
noted as Wc. For 0.01 dB passband ripple, (5) results in 
values of K1,2 = 0.1402 and Qe1 = Qe2 = 7.48, then widths of 
Wc and Wb are selected from a closely matched coupling 
coefficients values. The values obtained through various 
combinations of the dimensions are depicted in Fig. 5. 
  
Fig. 5.  Variation of inter-resonator dimensions against 
coupling coefficient. 
The microstrip to SIW transitions at the input and 
output ports are of width Wx, the dimensions of the feed 
lines are computed through transmission line calculator. 
However the input and output coupling openings denoted 
as Wa are selected as a result of comparison of the simu-
lated extracted external quality factors computed through 
(6) and external quality factors calculated on basis of theo-
retical LPF prototype parameters as given in (5)  
 0
3
ext
dB
fQ
f
  .  (6) 
A selection of dimension resulting in a close match of 
theoretical and simulated external quality factors dictates 
the I/O coupling as depicted in Fig. 6. 
 
Fig. 6. External Q-factor for input/output coupling dimension. 
The coupling is a result of iterations and adjustments 
to the dimensions of the coupling areas of the filter through 
full-wave simulations until desired filter and response is 
achieved. 
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Fig. 7. Fabricated two pole fixed bandpass filter. 
2.2 Double Coupling and Tunable Structure 
An extended coupling overlaying the single coupling 
builds the basis of frequency shifting. The switching be-
tween the extended coupling and the single coupling forms 
tunable bandpass filter mechanism. The extended coupling 
is placed on top and bottom of the single coupling along 
with vias placed in the center of each length. The overlay-
ing double coupling is shown in Fig. 8(a), while the nota-
tion values are displayed in Tab. 2. 
     
(a)            (b) 
Fig. 8. (a) Overlaying double coupling, (b) Dimensions of 
bias circuitry. 
 
Notation Value (mm) Notation Value (mm) 
Wt 36.0 Wc 0.5 
Lt 70.0 Wx 2.0 
L 35.0 Lc 30.0 
W 30.0 Cw 11 
Wa 12.0 CL 8 
Wb 15.9 G, a 2 
Tab. 2. Tunable filter parameters dimensions. 
The tunable filter is constructed based on packaged 
RF MEMS switches, a total of four packaged RMSW201 
RADANT MEMS [16]. The filters are actuated with 
a voltage of 90 V, and an onboard bias circuitry is built to 
place the switches. The bias lines of 0.5 mm thickness with 
spacing of 1.5 mm are placed on the board to actuate the 
RF MEMS switches, the bias circuitry and its correspond-
ing dimensions are shown in Fig. 8(b). 
Fig. 9 shows the operational diagram of the RF 
MEMS switches along with its bias circuitry, a voltage of 
90 V is applied at the gate of the switch, while GND is 
connected through 100 kΩ resistors to the drain and source 
of the switch. The switches are placed on pads created on 
top of the board in between the coupling area, an on state 
of the switch refers to forming the double coupling 
whereas the off state refers to single coupling. The pads are 
wire-bonded to the gate, drain and source of the RF MEMS 
switches. 
 
Fig. 9. The functionality and placement of RF MEMS and 
bias resistors (the figure is rotated). 
3. Results and Discussion 
The simulations to obtain the filter responses from the 
designed structures are conducted using ANSYS High 
Frequency Structure Simulator (HFSS). In addition Agilent 
Vector Network Analyzer (VNA) is utilized for the meas-
urements of the fabricated filters.  
The fixed filter described in the specifications in 
Tab. 1 and its corresponding design structure shown in 
Fig. 4 is realized with the responses shown in Fig. 10. The 
simulated S21 and S11 response of the bowtie shaped band-
pass filter reveals that the S11 value at the center frequency 
of 7.3 GHz is less than -30 dB, whereas the S21 response is 
greater than -0.5 dB and the passband bandwidth at -3 dB 
is greater than 400 MHz. The measured S21 response at the 
center frequency of 7.3 GHz is better than -1.7 dB and its 
corresponding S11 response at the center frequency is less 
than -20 dB. The passband bandwidth at -3 dB is greater 
than 350 MHz. 
The desired tunable filter with the double coupling 
shown in Fig. 8 and Fig. 9 is realized with the responses 
shown in Fig. 11 and Fig. 12. The details of the passband 
are depicted in Fig. 11(a) and Fig. 12(a) for the simulated 
and measured S21 responses, respectively. 
Fig. 11 shows the response of the simulated two pole 
tunable filter designed for two resonant frequencies of 6.3 
and 7.3 GHz. Response of the filter is obtained through 
realizing the resonator structure designed using the equa-
tions presented in Sec. 2. 
The simulated S21 and S11 response of the bowtie 
shaped tunable bandpass filter reveals that when the switch 
is disconnected a two pole bandpass response is achieved 
at 6.3 GHz, whereas when the RF MEMS switch connects  
RADIOENGINEERING, VOL. 24, NO. 1, APRIL 2015 29 
 
 
Fig. 10. Response of the fixed bowtie bandpass filter. 
 
Fig. 11.  (a) Passband details for the simulated S21 response. 
 
Fig. 11.  (b) Simulated response of the tunable bandpass filter. 
the double layered coupling a resonant frequency of 
7.3 GHz is achieved. The passband bandwidth at -3 dB for 
both the resonant frequencies is observed to be greater than 
400 MHz. 
Measured S21 and S11 response of the two pole band-
pass filter is presented in Fig. 12. The measured responses 
show similar trends in terms of frequency tuning between 
the two resonant modes as observed in the simulated re-
sponses. The S21 responses at the center frequencies of 6.44 
and 7.4 GHz are better than -7 dB and their corresponding 
S11 responses are less than -14 dB and -18 dB respectively. 
The passband bandwidth at -3 dB is greater than 400 MHz, 
whereas the lower and upper stopband rejections are better 
than -25 dB. These responses are summarized in Tab. 3. 
 
Fig. 12. (a) Passband details for the measured S21 response. 
 
Fig. 12. (b) Measured response of the two pole tunable filter. 
 
Fig. 13. Fabricated bowtie shaped tunable two pole filter. 
 
Key Parameters Simulated Measured 
Passband center frequency (GHz) 6.3, 7.3 6.44, 7.4 
Passband S11 (dB) < 25,20 < 14, 18 
Passband S21 (dB) > -0.5,-3.5 > -7,-7.5 
Stopband rejection (dB) > 25 > 25 
Passband bandwidth at -3 dB level 0.4 GHz 0.435 GHz 
Tab. 3. Summary of the tunable bandpass filter performance. 
The measured insertion loss response includes the 
losses of the SMA connectors at the input and output of the 
tunable bandpass filter. The upper passband produced due 
to cancellation of the TE101 and TE201 modes is distanced 
enough from the filter passband, hence a pure Chebyshev 
response is observed as the design was based on Cheby-
shev LPF prototype parameters. However high order reso-
nant modes presents spurious at 10 GHz. Consequently 
suppression of spurious is achievable by employing low-
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pass filters at the input and output of the resonators. There-
fore the cut-off for the lowpass filters has to be matched 
with the upper passband of the bandpass filter. 
4. Conclusion 
A tunable bowtie shaped bandpass filter based on RF 
MEMS switches utilizing triangular structure SIW is pro-
posed in this paper, the filter exhibits good performance 
and a miniaturized version of the SIW structure is 
exploited in the design process. The tunable filter is unique 
in terms of the tuning mechanism exploiting the coupling 
area. The RF MEMS two states switchable bandpass filter 
is designed, simulated, fabricated and the measured filter 
response shows two distinct frequency states at 6.4 and 
7.4 GHz with a nearly constant bandwidth of 400 MHz. 
The simple structure of the filter allows readily integration 
with planar circuits and devices. 
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